Abstract. NHERF1 is downregulated and has been identified as a new marker of colorectal cancer. However, the molecular mechanism of NHERF1 downregulation in colon cancer is not well understood. In the present study, we demonstrated that the NHERF1 mRNA level was downregulated and correlated with outcomes in colon cancer patients. NHERF1 expression was associated with EMT phenotype. High levels of promoter methylation of NHERF1 in colon cancer were observed. NHERF1 expression was restored by demethylation treatment. In addition, a negative correlation between methylation and mRNA expression of NHERF1 was observed in the TCGA dataset. Moreover, DNMT1 inhibited NHERF1 expression in vivo. DNMT1 expression was found to be negatively correlated with NHERF1 and NHERF1 expression was also restored by a DNMT1 inhibitor. DNMT1 and NHERF1 were regulated by the Wnt signaling pathway. In addition, among DNMT1 high expression patients, the Wnt signaling pathway was negatively correlated with NHERF1 expression. In contrast, among DNMT1 low expression patients, the Wnt signaling pathway was not correlated with NHERF1 expression. In conclusion, Wnt signaling increases DNMT1 expression. DNMT1 contributes to promoter hypermethylation and epigenetic NHERF1 silencing in colon cancer. In addition, we provide novel insight into the mechanisms underlying the regulation of NHERF1 expression and occurrence/progression of colon cancer.
Introduction
The Wnt signaling pathway controls various cellular events such as migration, proliferation and differentiation throughout development (1) . Deregulation of Wnt signaling has been found in colon cancer where, most frequently, mutations in APC lead to cytoplasmic accumulation of β-catenin and its translocation to the nucleus (2, 3) . Following translocation to the nucleus, β-catenin binds to T-cell factor/lymphoid enhancer factor (TCF/LEF), which activates transcription of target genes and ultimately results in the uncontrolled cell proliferation of tumor cells (4) . Although nuclear β-catenin expression level is a biomarker associated with invasion, metastasis and poor prognosis of colon cancer, it cannot explain the phenotypic heterogeneity of colon cancer. Na + /H + exchanger regulatory factor 1 (NHERF1/EBP50), an adaptor molecule that interacts with β-catenin, has been recently implicated in the progression of colon cancer (5, 6) . This complex regulates Wnt signaling and may cooperate in the development of colon cancer. Other influences that enhance the activation of the Wnt/β-catenin pathway have been documented, either from components of the Wnt pathway itself or from parallel pathways that connect to the Wnt pathway, such as the PI3K/PTEN/Akt pathway (7) or the Hippo-YAP/TAZ pathway (8) . Notably, NHERF1 also interacts with Frizzled, PTEN and YAP (6) and suppresses the Wnt signaling pathway, the PI3K/PTEN/Akt pathway and the Hippo-YAP/TAZ pathway, respectively. Moreover, there is some evidence for a dual role of NHERF1 in cancer, depending on its intracellular localization. However, NHERF1
-/-immortalized mouse embryonic fibroblasts (MEFs), in contrast to their wild-type counterparts, present anchorage-independent growth and increased migration (5) . Decreased survival and increased intestinal tumor burden were observed in Apc Min/+
NHERF1
-/-double-mutant mice (6) . In addition, during the steps involved in early colon carcinogenesis, NHERF1 is gradually lost at the expense of nuclear and cytoplasmic expression in adenoma and is a new marker of colorectal cancer (9) . As a whole, NHERF1 appears to behave as a tumor suppressor in colon cancer. However, the molecular mechanism of NHERF1 downregulation in colon cancer is not well understood.
In the present study, we revealed that NHERF1 was significantly downregulated in colon adenocarcinoma (CA) tissues and was correlated with patient outcomes. Meanwhile, NHERF1 expression was associated with epithelial-to-mesenchymal transition (EMT) phenotype in CA cells. A predicted CpG island was located within the NHERF1 promoter and NHERF1 was found to be silenced by promoter methylation in CA. DNA methyltransferase 1 (DNMT1) is one of the key transmethylases leading to the hypermethylation status of the NHERF1 promoter and silencing of NHERF1 in CA. Inhibition of the Wnt signaling pathway upregulated NHERF1 and significantly downregulated DNMT1 expression. In addition, regulation of NHERF1 expression was found to be dependent on DNMT1 expression in CA. These results have elucidated the molecular mechanisms underlying the downregulation of NHERF1 and occurrence/progression of CA.
Materials and methods
The Cancer Genome Atlas (TCGA) data. The mRNA data (RNA Seq v2) and clinical information for patients in the TCGA_COAD dataset were downloaded from https://www. synapse.org and cBioPortal database (www.cbioportal.org), respectively and used for differential mRNA expression, correlation, prognosis and gene set enrichment analysis.
GEO dataset collection and differential expression analysis.
Microarray data were obtained from 4 datasets. The 4 series were accessed at the National Centers for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) which served as a public repository for gene expression datasets, and the accession numbers were GSE21510, GSE32323, GSE91370, GSE79740, GSE77955, GSE60620, GSE18560 and GSE97023. Differentially expressed genes were obtained using GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/). GEO2R is an interactive web tool that compares two groups of samples under the same experimental conditions and can analyze almost any GEO series (10) .
Gene set enrichment analysis. The association between phenotypes, pathways and NHERF1 expression was analyzed using Gene Set Enrichment Analysis (GSEA v2. Methylation-specific PCR. The CpG island of the NHERF1 gene was predicted by Database of CpG Islands (http://dbcat. cgm.ntu.edu.tw/). Genomic DNA was extracted for methylation analysis from cells in culture by using the Genomic DNA Miniprep Kit (Sigma-Aldrich; Merck KGaA) One microgram of genomic DNA was modified with sodium bisulfite using the DNA Bisulfite Conversion kit (Tiangen Biotech, Co., Ltd., Beijing, China) according to the specifications of the manufacturer. Methylation-specific PCR (MSP) was run in a total volume of 20 µl. MSP reactions were subjected to initial incubation at 95˚C for 5 min, followed by 35 cycles of 94˚C for 20 sec, and annealing at 60˚C for 30 sec and 72˚C for 20 sec. RNA isolation and real-time quantitative PCR analyses. Total RNA was isolated using TRIzol (Sigma-Aldrich; Merck KGaA) and cDNAs were synthesized using a Reverse Transcription kit (cat. no. 1708842; Bio-Rad Laboratories, Hercules, CA, USA). Real-time quantitative RT-PCR was performed using Applied Biosystems ® SYBR-Green Master Mix on the 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific).
Demethylation treatment. Cells were treated with 2 µM 5-aza-2'-deoxycytidine or 3 µM 6-thioguanine (Sigma-Aldrich; Merck KGaA) for 3-4 days, with medium and 5-aza-2'-deoxycytidine replenished every day. After treatment, the cells were collected for RNA isolation.
Western blotting. Samples were run on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels (PAGE) and transferred to NC membranes. The blots were blocked in blocking buffer (5% non-fat dry milk in TBST buffer) for 1 h at room temperature and then incubated with primary antibodies (1:1,000) in blocking buffer overnight at 4˚C. The blots were washed 3 times with TBST buffer and incubated for 1 h at room temperature with a horseradish peroxidase (HRP)-conjugated anti-mouse IgG (cat. no. A4416) or anti-rabbit IgG (cat. no. A4914) secondary antibody (1:3,000; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in blocking buffer. Finally, the blots were washed 3 times with TBST buffer and visualized via enzyme-linked chemiluminescence using the electrochemiluminescence (ECL) kit (Applygen Technologies Inc., Beijing, China).
T he pr i ma r y a ntibody speci f ic for N H ER F1 (cat. no. 611160) was purchased from BD Biosciences (San Jose, CA, USA), the primary antibodies specific for GAPDH (cat. no. 5174) was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Cancer cell line Encyclopedia database. The data concerning APC and β-catenin mutation in colorectal cancer cell lines were obtained from the Cancer Cell Line Encyclopedia (https://portals.broadinstitute.org/ccle).
Statistical analysis. Statistical analyses were performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). Group distributions were compared using the Student's t-test. A value of P<0.05 was considered to indicate a statistically significant result. The correlation of NHERF1 and EMT marker expression levels were analyzed by Pearson's correlation analysis.
Results

NHERF1 mRNA expression is downregulated in CA tissues
and is correlated with patient outcomes. To investigate the role of NHERF1 in CA patients, we compared the NHERF1 expression level in adjacent normal tissues vs. tumour tissues using the colon adenocarcinoma (COAD) mRNASeq v2 data set in The Cancer Genome Atlas (TCGA) and revealed that NHERF1 was significantly downregulated in CA tissues (Fig. 1A) . Consistent with the above results, downregulation of NHERF1 in CA was validated from 2 independent GEO datasets ( Fig. 1B; GSE21510 and GSE32323 ). In addition, NHERF1 expression was also able to significantly distinguish CA tissues and adjacent normal tissues, revealing that NHERF1 has the advantage for acting as a prognostic marker in CA (Fig. 1C) . To further analyze the prognostic value of NHERF1 in CA tissues, the Kaplan-Meier analyses was conducted on the TCGA_COAD dataset. As shown in Fig. 1D , low NHERF1 expression was found to be significantly associated with worse disease-free survival (DFS) (log-rank P=0.0284) of CA patients. These results demonstrated that CA tissues had low NHERF1 expression and that patients with low NHERF1 expression had poor prognoses. Our findings suggest that NHERF1 may play an important role in CA occurrence and progression in patients in the clinical setting.
Low NHERF1 expression is associated with EMT phenotype in CA. In a previous study, NHERF1 depletion induced EMT-like changes in a colorectal cancer cell line (9) . In order to further determine the role of NHERF1 in clinical patients, we performed additional analyses on TCGA_COAD dataset. GSEA result revealed that the NHERF1 expression level was negatively correlated with the EMT phenotype ( Fig. 2A) and levels of mesenchymal markers (N-cadherin, Snail and fibronectin), but was positively correlated with the level of epithelial marker E-cadherin in CA tissues (Fig. 2B-E) , suggesting a close correlation between the NHERF1 level and EMT phenotype. These results suggest that NHERF1 possibly acts as a potential tumor suppressor in CA by inhibiting the EMT process. In addition, we also found that the apical membrane NHERF1 was significantly reduced in tumor tissues, implying that apical membrane NHERF1 expression was negatively correlated with EMT and the malignant phenotype in colon cancer patients (Fig. 2F) . These findings revealed the clinical role of NHERF1 in colon cancer.
NHERF1 is silenced by promoter methylation in CA.
High promoter methylation level always leads to transcriptional gene silencing. Sequence analysis using Database of CpG islands (http://dbcat.cgm.ntu.edu.tw/) revealed that a CpG island (or CpG-rich sequence) is located within the NHERF1 promoter (Fig. 3A) . Next, we performed MSP assays to detect the DNA methylation status of the NHERF1 promoter in CA cell lines. As shown in Fig. 3B , DNA was hypermethylated in the HCT116 and SW480 cells. Furthermore, demethylation treatment by 5-aza-2-deoxycytidine (5'-Aza) successfully restored the mRNA level of NHERF1 in the colon cancer cell lines (Fig. 3C) . To further evaluate the correlation between methylation and transcription of NHERF1 in CA, we retrieved methylation and mRNA expression data on NHERF1 from the MethHC database (http://methhc.mbc.nctu.edu.tw/php/index. php). Linear regression analysis demonstrated a significant negative correlation between mRNA and promoter methylation levels of NHERF1 (Fig. 3D) . In addition, high levels of promoter methylation of NHERF1 in colon cancer cell lines, and low methylation in normal epithelial cells were noted (Fig. 3E) . The promoter methylation level of NHERF1 was also higher in colon cancer tissues than the level noted in the normal tissues (Fig. 3F) . These findings demonstrated that NHERF1 is downregulated by promoter hypermethylation in CA.
DNMT1 expression correlates with low NHERF1 mRNA level in CA.
With the highest reduction of DNMT1 in colon cancer cells, extensive loss of DNA methylation occurred in the promoter and hypermethylated CpG islands, indicating a major role for DNMT1 in maintaining genomic DNA methylation (11). A high DNMT1 expression level in tumors suggests a causal link to DNA hypermethylation and silenced NHERF1 expression. To test this hypothesis, we looked at the association between DNMT1 expression and the NHERF1 mRNA level from GEO and TCGA databases. As shown in Fig. 4A , the NHERF1 mRNA level was upregulated in DNMT1-knockout (KO) mice. To further evaluate the correlation between DNMT1 and NHERF1, TCGA_COAD dataset was used. We revealed that the expression of DNMT1 was significantly upregulated and was negatively correlated with the expression of NHERF1 in CA tissues (Fig. 4B and C) . To further investigate whether NHERF1 expression is reduced by DNMT1, the DNMT1 inhibitor 6-thioguanine (6-TG), causing downregulation of DNMT1 through ubiquitin-targeted degradation (12), was used. As shown in Fig. 4D , the mRNA levels of NHERF1 were significantly upregulated in HCT116, HT29 and SW480 cells treated with 6-TG. However, NHERF1 mRNA did not change in the LoVo cells treated with 6-TG. In addition, the protein levels of NHERF1 were consistent with the mRNA levels in the HCT116 and HT29 cells (Fig. 4E) . It is known that APC and β-catenin are usually mutated in colon cancer cell lines and are involved in colon cancer progression. To detect the regulatory effect of DNMT1 on NHERF1 in different mutated cell lines, GEO database was used. As shown in Fig. 4F , the expression of NHERF1 and DNMT1 were not significantly different in the non-mutated group, the APC-mutated group and the APC/β-catenin-mutated group. In addition, NHERF1 was negatively correlated with DNMT1 expression in 34 colon cancer cell lines (Fig. 4G) . These results suggest that DNMT1 may inhibit NHERF1 expression in most colon cancer cell lines and this effect is not related with APC or β-catenin mutations.
Wnt signaling pathway promotes DNMT1 expression and inhibits NHERF1 expression in CA. Colorectal cancer arises from activating mutations in the Wnt signaling pathway that converge with additional molecular changes to shape tumor development and patient prognosis (9) . We demonstrated that DNMT1 was upregulated in CA tissues and caused the downregulation of NHERF1. To investigate whether it is associated with overactivated Wnt signaling pathway in CA, the GEO database was used. As shown in Fig. 5A , the DNMT1 mRNA level was significantly downregulated and the NHERF1 mRNA level was significantly upregulated in colon cancer cell line Ls174T after Wnt signaling inhibition (GSE18560). To further evaluate the relationship between the Wnt signaling pathway and these 2 genes, we performed GSEA. As shown in Fig. 5B , among DNMT1 high expression CA patients, the Wnt signaling pathway activation gene set was highly enriched in the NHERF1 low expression group. On the contrary, among DNMT1 low expression CA patients, Wnt signaling pathway activation gene set was not correlated with NHERF1 expression. These results suggest that the overactivated Wnt signaling pathway promotes DNMT1 expression and may inhibit NHERF1 expression in a DNMT1-dependent manner in CA.
Discussion
The scaffold protein NHERF1/EBP50 contains an ERMbinding region and two PDZ domains. NHERF1 always exerts its function via association with multiple partners and by regulating multiple signaling pathways, such as the Wnt signaling pathway (1, 5, 13) , the PI3K/PTEN/Akt pathway (7, 14, 15) , the Hippo-YAP/TAZ pathway (8) and parathyroid hormone 1 receptor signalling (16) . In NHERF1 -/-mice, Ezrin-radixin-moesin (ERM) proteins are significantly reduced in brush border membranes from kidney and small intestine (17) . In addition, NHERF1
-/-females were generally smaller and showed impaired mobility consistent with muscle weakness that was apparent in several performance coordination tests. Most of the small NHERF1 -/-female animals died 30-35 days after birth. Autopsies of dead NHERF1 -/-females suggested that some developed hydrocephaly (18) .
Recently, NHERF1 has been implicated in the progression of various human malignancies. NHERF1 gene mutations found with low frequency (3%) in breast cancer cell lines and primary tumors were associated with loss of heterozygosity and increased aggressiveness (19) , suggesting a tumor-suppressor role for NHERF1. NHERF1 -/-immortalized mouse embryonic fibroblasts (MEFs), in contrast to their wild-type counterparts, presented anchorage-independent growth and increased migration (5), supportive of a tumor-suppressor function for NHERF1. NHERF1 acts as a tumor suppressor in vivo for intestinal adenoma development via suppressing the Wnt signalling pathway. Decreased survival and increased intestinal tumor burden were observed in Apc Min/+ NHERF1 -/-double-mutant mice (6) . In contrast, Shibata et al (20) reported that the NHERF1/β-catenin complex promotes Wnt signaling and may cooperate in the development of liver cancer. There has been increasing evidence for a dual role of NHERF1 in cancer, depending on its intracellular localization. In a previous study, apical membrane NHERF1 depletion induced EMT-like changes and cytoplasmic NHERF1 promoted cell proliferation in colon cancer cells (9) . In addition, nuclear NHERF1 is involved during colon cancer carcinogenesis (21) (22) (23) . In fact, phosphorylation has been shown to regulate assembly and disassembly of cellular target complexes, NHERF1 subcellular localization and oligomerization. In addition, it has been shown that NHERF1 phosphorylation status depends on the cell cycle and also plays a role in its progression (24) (25) (26) . Although NHERF1 is tightly controlled in cells, NHERF1 appears to behave as a tumor suppressor in various human malignancies.
It was reported that NHERF1 is significantly downregulated in multiple cancers, including colorectal cancer (9), particularly in early carcinogenesis (21) , cervical (27) , pancreatic cancer (28) and high-grade glioblastoma (14) . Recently, NHERF1 is regarded as a new marker in colorectal cancer (9) . In the present study, our results indicated that NHERF1 is downregulated in colon adenocarcinoma which is consistent with previous reports. Although the clinical role of NHERF1 in colon cancer is somewhat clear, the mechanism underlying the downregulation of NHERF1 is not well understood. In previous studies, the NHERF1 promoter contains 13 half-estrogen-responsive elements and NHERF1 regulation by estrogens has been evidenced in several carcinoma cell types including endometrial, mammary (29) and biliary epithelial cells (30) . In vitro, positive regulation of NHERF1 by estrogens was illustrated in ER-positive breast carcinoma cell lines; whereas no NHERF1 stimulation was noted in ER-negative ones (31) (32) (33) . In addition, there is no direct evidence, but several studies have suggested that NHERF1 may potentially be subjected to epigenetic modifications (24) .
The present study is the first direct demonstration that NHERF1 expression is regulated by epigenetic modifications in cancer. It is known that global DNA hypomethylation is a general characteristic of cancer (34) and the progression of DNA hypomethylation may be driven by 'oncogenes' (35) . However, genome-wide studies of cancer epigenomes reveal that 1-10% of CpG islands are aberrantly methylated, which suggests that thousands of gene promoters may be hypermethylated in the average cancer (36) . The aberrant hypermethylation of genes appears to be a common molecular mechanism for silencing tumor-suppressor genes and can contribute to cancer formation through the transcriptional repression of these genes (37, 38) . We found that NHERF1 was downregulated by promoter hypermethylation in colon cancer.
Activated Wnt signaling-mediated upregulation of DNMT1 led to a hypermethylation status of the NHERF1 promoter and silenced NHERF1 expression in colon adenocarcinoma. In addition, activated Wnt signaling appears to inhibit NHERF1 expression in a DNMT1-dependent manner. These results suggest that activated Wnt signaling by mutations in APC inhibits NHERF1 expression by promoting DNMT1 expression and loss of NHERF1 overactivated Wnt signaling pathway in colon adenocarcinoma, identifying a feedback loop in the Wnt/DNMT1/NHERF1 pathway. In addition, we also observed that NHERF1 is correlated with the EMT phenotype which is associated with poor prognosis in colon adenocarcinoma patients. Collectively, the data reported in this study demonstrated, for the first time, a novel relationship between the Wnt signaling pathway and NHERF1. NHERF1 did not only inhibit the Wnt signaling pathway but was also downregulated by the Wnt signaling pathway in colon adenocarcinoma.
In summary, our data may provide a new insight in mechanism of NHERF1 downregualtion in early occurrence steps of carcinogenesis, suggesting that Wnt/DNMT1/NHERF1 axis acts as a crucial role in occurrence and progression of colon cancer.
